Experiments with wild birds feeding on pastry`prey' were performed to test competing theories of MÏllerian mimicry. Conventional theories predict that all resemblances between defended prey will be mutually advantageous and, hence, MÏllerian. In contrast, unconventional theories predict that, if there are inequalities in defences between mimetic species, the less well-defended prey may dilute the protection of the better defended species in a quasi-Batesian manner. This unconventional prediction follows from an assumption that birds learn about the edibilities of prey using rules of Pavlovian learning.We report on two experiments, each lasting 40 days, which showed that a moderately defended prey can dilute the protection of a better defended mimic in a quasi-Batesian fashion, but can add protection to a mimic which has the same moderate levels of defence. These results match predictions of unconventional theories of mimicry and go some way to resolving the long-running arguments over the nature of MÏllerian mimicry.
INTRODUCTION
Despite many years of study (MÏller 1879; Turner 1987; Huheey 1988; Mallet & Joron 1999 ) and the development of extensive theory (MÏller 1879; Huheey 1976; Owen & Owen 1984; Turner et al. 1984; Endler 1991; Speed 1993a Speed ,b, 1999 Turner & Speed 1996; MacDougall & Dawkins 1998; Speed & Turner 1999a,b) , MÏllerian mimicry remains a largely untested idea. The consequent absence of data has caused a long-running controversy (Turner 1987; Ruxton 1998; Speed 1998; Mallet & Joron 1999 ) about the nature of MÏllerian relationships and has left a key example of Darwinian adaptation poorly understood. At the heart of the controversy is a behavioural question about the way that predators deal with di¡erences in the levels of chemical (or other) defences between mimetic prey (Huheey 1976; Owen & Owen 1984; Turner et al. 1984; Speed 1993a) .
In his original formulation, MÏller (1879) (see also Joron & Mallet 1998; Mallet & Joron 1999) assumed that predators need to attack a ¢xed number of defended, inedible prey before learning to avoid them completely. He then proposed that mimicry between two defended species will be bene¢cial to both because the ¢xed costs of predator education will be shared between a larger population of prey. MÏllerian mimics thus have strength in numbers and new, rare polymorphic forms will not be favoured in such a system (Turner 1987) . This enables a further important prediction that all mimicry between defended species should be monomorphic. The conventional interpretation is thus one of`universal monomorphic MÏllerian mimicry' between defended species, even if there are di¡erences in defensive properties between prey (Turner et al. 1984; Turner 1987; Endler 1991) . This view has received renewed support ( Joron & Mallet 1998; Mallet & Joron 1999) , despite a lack of direct empirical evidence and the existence of polymorphism in a number of defended mimetic species.
In contrast, unconventional theories of mimicry (Huheey 1976; Owen & Owen 1984; Speed 1993a Speed , 1999 MacDougall & Dawkins 1998; Speed & Turner 1999a,b) predict that predators may continue attacks on moderately defended prey in times of nutritional need, because they are prepared to trade o¡ the bene¢ts of nutrition against the costs of toxins (Speed 1993b ). This matches a view of behaviour based on models of Pavlovian learning (Speed 1993a) . In these theories, mimicry by moderately defended prey species of better defended species may not therefore be mutualisitic and MÏllerian but instead may be parasitic and quasi-Batesian. Quasi-Batesian mimics are predicted to have highest ¢tness when rare (though see Speed 1999) . This strength in rarity should favour new, rare mimetic polymorphisms and may explain the otherwise troubling presence of polymorphism in some aposematic mimics (Huheey 1976; Owen & Owen 1984; Speed 1993a; Speed & Turner 1999b) . In di¡erent circumstances the same moderately defended species may be MÏllerian if, for example, it resembled another moderately defended species or a better defended but rare co-mimic (Speed 1993a (Speed , 1999 . However, such moderately defended species could also function as models to truly edible Batesian mimics, particularly in multispecies systems (Speed & Turner 1999b) . The role of a defended mimic in unconventional theory is thus highly sensitive to ecological context. This is quite di¡erent to the traditional dichotomy of classical Batesian and MÏllerian mimicries (e.g. Turner 1987) .
Since di¡erences in edibility between defended species are well known (Brower et al. 1963; Sargent 1995) and since mimicry is an important case study in Darwinian adaptation (Turner 1987; Mallet & Joron 1999 ), experimental tests are clearly needed to resolve the controversy.
We report experiments which, for the ¢rst time to the authors' knowledge, test key predictions of conventional and unconventional theories of MÏllerian mimicry. Using pastry baits as prey and wild garden birds (predominantly blackbirds, with some sparrows, robins and starlings) as predators, we examined the e¡ects on predation when a moderately defended pastry`prey' mimicked a better defended`prey' and also varied its density. Conventional MÏllerian theory predicts a mutualistic relationship, whereas unconventional mimicry theories predict a parasitic relationship, in which protection of both co-mimics declines if the density of the less well-defended species increases. We also investigated whether mutualistic MÏllerian mimicry can be demonstrated when there is mimicry between moderately defended prey. The experiments reported represent the ¢rst test of opposing mimicry theories and demonstrate the importance of data in mimicry studies.
METHODS

(a) Arti¢cial prey
The general methods were from Morrell & Turner (1970) (and also Marples 1993) . We made arti¢cial prey from pastry (335 g £our, 135 g lard and 30 g water) which was dyed with 10 ml of food colouring to each 500 g of pastry. The prey were each 2.5 cm in length and 1cm in diameter and mounted on equilateral triangles of coloured card (3 cm in height) secured with a blunted drawing pin pointing upward from the underside of the card. The prey were assigned to one of three levels of acceptability: high defence (1.25 g quinine hydrochloride and 2.5 g of mustard per 500 g of pastry), moderate defence (0.5 g quinine hydrochloride and 1g of mustard per 500 g of pastry) or edible (no quinine or mustard).
There were ¢ve types of prey used in the experiment (details in ¢gure 1). The model and mimic had the same bait and card colours as each other, but the model was highly defended and the mimic moderately defended (the terms model and mimic are used for convenience and are not intended to pre-judge mimetic relationships). The model and mimic had controls (model control and mimic control) which were non-mimetic prey with unique appearances (¢gure 1), but which had levels of defence which matched those of the model and mimic, respectively (¢gure 1). They therefore served as controls for mimicry, showing how the model and mimic would be attacked if they shared no resemblance. In addition, an edible undefended prey called the edible control, again of unique appearance, was used to monitor the demand for food (¢gure 1).
The cards were attached to the pastry in order to (i) make all prey types conspicuous, (ii) generate visual gestalts (Ikin & Turner 1972 ) which would aid identi¢cation, and (iii) partly control for the colour preferences of wild birds (Lea & Turner 1971; Marples et al. 1998) . Hence, if the birds in question were, for example, disinclined or overinclined to sample yellow prey, then we might see common predation levels in all items containing yellow (palatable control, model and mimic; ¢gure 1) and similarly for red and blue (model control and mimic control; ¢gure 1). Generalization between`non-mimetic' prey which shared colours does not seem to have a¡ected our results.
(b) Experimental design
Two experiments were carried out in di¡erent locations in Liverpool, each on an area of lawn measuring 3 m £ 3 m.
Experiment 1 was conducted between 3 February and 14 March 1995. Experiment 2 was conducted between 9 January 1996 and 17 February 1996. The perimeter of the experimental arena was marked by wooden stakes, which divided each side into 30 cm sections and provided 100 squares in the arena on which we randomly positioned the arti¢cial prey (see Morrell & Turner 1970) . Both experiments were preceded by four weeks of feeding with bread to encourage foraging in the area, followed by ten days pre-experimental familiarization during which the prey were presented (20 samples of all prey except the mimic, of which ¢ve were presented). Only the mimic and mimic control vary densities between conditions A and B which both lasted for 20 days. In condition A, the mimic is common (20 presented each day) and the mimic control is rare (¢ve presented each day). In condition B, the mimic is rare (¢ve presented each day) and the mimic control is common (20 presented each day). Conventional theories predict (i) that the moderately defended mimic should add protection to the model, particularly when the mimic is common, whereas unconventional theories predict that the moderately defended mimic should dilute the model's protection. Both conventional and unconventional theories predict (ii) that the mimic should gain protection from mimicry. However, (iii) while conventional theory predicts that the mimic's gain should be highest when it is common, unconventional theory predicts that it should be highest when rare. Both types of theory predict (iv) that the moderately defended mimic control which is not involved in mimicry should gain highest protection when common, and (v) that the highly defended model control which is also non-mimetic should be attacked at a constant, low rate.
The experiments both ran for 40 days. The daily numbers of the edible control, model and model control presented were constant at 20 of each. The numbers of the mimic and mimic control were varied within an experiment according to one of two prey conditions which each lasted for 20 days (¢gure 1). In condition A, the mimic was common (20 prey each day) and the mimic control rare (¢ve prey each day), whereas in condition B the mimic was rare (¢ve prey each day) and the mimic control common (20 prey each day). The total numbers of prey put out each day were therefore constant at 85 throughout the experiment (¢gure 1). This design enabled us to contrast the predation rates on the model and mimic when the mimic was common (condition A) or rare (condition B). It also enabled us to consider how changes in the mimic control's density would a¡ect the frequency with which it was attacked. If the birds judged the mimic control to be defended (as we intended), then the proportion attacked should be lower when the mimic control is common (condition B) than when it is rare (condition A).
In experiment 1, the order of conditions was condition A, the mimic common and then condition B, the mimic rare, whereas in experiment 2 the order was reversed. Prey were put out at 08.30 and collected at 16.00. Birds were observed feeding for approximately 1h each day throughout both experiments. We scored whether baits were pecked or removed (`eaten').`Pecked' prey can, to a limited extent, be classi¢ed as pastry which has been rejected before ingestion. Prey removed from the arena may have been eaten by visiting birds or, alternatively, may have been removed from the garden without ingestion. Blackbirds in particular were sometimes seen picking up bait and £ying o¡ with them to places of shelter. For the most part then, we pooled counts of pecks and of removals into a single categoryöthe number of prey attacked. When analyses had been performed on the proportions of prey presented which were attacked the arcsine square-root transform was used.
RESULTS
(a) Predator learning and prey edibility
The results are shown in ¢gures 2 and 3 as the percentages of prey attacked in sequential blocks of ¢ve days. There is some evidence of predator learning during the experiments. During the ¢rst ten days of experiments 1 and 2, the percentages of the edible controls attacked were 84 and 76, respectively, but in the remaining 30 days all the edible control prey were attacked (the vast majority being classed as eaten). In experiment 2, the ¢rst ten days are clearly a time for predator recruitment and learning. We have not excluded this data from the analyses but do report the rare instances where inclusion of this learning period makes a di¡erence to the interpretation of the data.
Clearly the birds found the edible control completely edible and the well-defended model control highly aversive (particularly in experiment 1) (¢gures 2 and 3). The mimic control, which contained lower levels of aversants, was attacked at intermediate levels when common (¢gure 2, days 21^40 and ¢gure 3, days 1^20). The birds did therefore discriminate the prey into three levels of acceptability.
(b) The e¡ect of mimicry on the model
To compare the attack rate of the model relative to its control, we calculated the number of models attacked on a given day divided by the number of models plus their controls attacked that day. This gave a value of between 0 and 1 for all but ¢ve days when no items of either type were attacked. The higher this value is, the more the model is attacked relative to its control. For the 75 days for which this quotient could be calculated, we ¢tted a general linear model (SPSS, v.7) with experiment (1 or 2) and design (condition A or B) as ¢xed factors and day within a block (days 1^20) as a covariate. This analysis showed no e¡ect of the experiment (F 1,70ˆ2 .25 and p 4 0.1), but e¡ects of design (F 1,70ˆ1 2.3 and p 5 0.001) and day within a block (F 1,70ˆ8 .4 and p 5 0.01). Visual examination of the data revealed that the e¡ect of design was that the calculated quotient was higher under design A (condition A) than design B (condition B) and that it increased over time within a given block (this is particularly true in experiment 2). We also repeated the same analysis simply using the total number of models attacked on a given day as the dependent variable. This time we did ¢nd a di¡erence between experiments 1 and 2 (F 1,75ˆ9 .1 and p 5 0.01); hence, we analysed the two experiments separately. Experiment 1 showed an e¡ect of design (F 1,37ˆ1 01.4 and p 5 0.001) but not day within a block (F 1,37ˆ0 .92 and p 4 0.3). Experiment 2 showed an e¡ect of design (F 1,37ˆ6 1.6 and p 5 0.001) and day within a block (F 1,37ˆ7 .0 and p 5 0.05). Visual inspection of the data revealed that the e¡ect of design in both experiments was that more models were attacked each day under design A than under design B.
Taken together, these results show that the model su¡ered higher predation (both absolutely and relative to its control) under design A when the mimic was common than under design B when the mimic was rare. Judged by its e¡ect on the model, mimicry between the mimic and model is therefore (quasi-)Batesian in nature.
Although the model su¡ered higher predation when the mimic was common this could be because more attacks ended with taste rejection (i.e. a peck) than with ingestion (`removal'). We calculated the proportion of all model attacks which were pecks. This could be calculated for 71 cases. The general linear model, with design and experiments as factors and day within a block as a covariate, suggested a strong e¡ect of experiment (F 1,67ˆ1 .90 and p 5 0.001); thus, the two experiments were analysed separately. In experiment 1, there was an e¡ect of design (F 1,30ˆ0 .44 and p 5 0.01) but not day within a block (F 1,30ˆ0 .09 and p 4 0.2). Inspection of the data revealed that the e¡ect of design was that the fraction of attacked prey which were pecked but not eaten was higher when the number of mimics was higher (table 1) (mimic common, 79% of attacks are pecks and mimic rare, 66% of attacks are pecks). In experiment 2 there was no e¡ect of design (F 1,36ˆ1 .52 and p 4 0.2) or day within a block (F 1,36ˆ0 .24 and p 4 0.5) (table 2).
(c) The e¡ect of mimicry on the mimic
Under design A, the mimic and model were both equally common at the start of each day. By analysing how many of each were attacked, we can look for any evidence that the birds were able to discriminate between the two. We calculated the number of mimics attacked on a given day divided by the number of mimics plus models attacked that day. The higher this value is, the more the mimic is attacked relative to models. We ¢tted a general linear model with experiment (1 or 2) as a ¢xed factor and day within a block as a covariate. This analysis showed an e¡ect of experiment (F 1,37ˆ1 1.6 and p 5 0.5), so the analysis was carried out for each experiment separately. For both experiments, there was no e¡ect of day within a block (experiment 1, F 1,37ˆ1 .1 and p 4 0.25 and experiment 2, F 1,37ˆ1 .3 and p 4 0.25). If the models and mimics were equally likely to be attacked then the mean of our distribution of calculated quotients should be 0.5. This was true for experiment 2 (t 19ˆ0 .10 and p 4 0.9), but not for experiment 1 (t 19ˆ4 .75 and p 5 0.001) where mimics were attacked more than models. This suggests that the birds were able to di¡erentiate between mimics and models in experiment 1 but not in experiment 2. When they could di¡erentiate, they (unsurprisingly) attacked the less well-defended mimic more than the model. Although the absolute number of mimics di¡ers between designs A and B, we can standardize for this to some extent by looking at the proportion of the mimic baits available that day which were attacked. We ¢tted a general linear model with experiment (1 or 2) and design (A or B) as ¢xed factors and day within a block (days 12 0) as a covariate. There was a signi¢cant e¡ect of experiment (F 1,75ˆ2 2.3 and p 5 0.001); hence, the two experiments were analysed separately. Experiment 1 suggested no e¡ect of design (F 1,37ˆ1 .98 and p 4 0.1) but an e¡ect of day (F 1,37ˆ0 .56 and p 5 0.01). Visual analysis of the data suggests a gradual reduction in the proportion of mimics attacked during a given design. Design did become signi¢cant (F 1,29ˆ5 .9 and p 5 0.05) if days 21^30 (when the rare mimic is attacked at unexpectedly high frequency) are deleted. In this case the proportion of mimics attacked was lower when the mimics were rare. This same e¡ect of design was also found in experiment 2 (F 1,37ˆ8 4.1 and p 5 0.001), as was the trend over time (F 1,37ˆ6 .5 and p 5 0.05).
(d) Attacks on controls
A general linear model with the number of model controls attacked as a dependent variable suggested a strong e¡ect of experiment (F 1,75ˆ1 4.5 and p 5 0.001); hence, the two experiments where analysed separately. Experiment 1 showed no e¡ect of either design (F 1,37ˆ0 .46 and p 4 0.5) or day within a block (F 1,37ˆ2 .6 and p 4 0.1): model controls were attacked at a low, constant rate. In contrast, both design (F 1,37ˆ3 3.0 and p 5 0.001) and day within a block (F 1,37ˆ5 .0 and p 5 0.05) were signi¢cant in experiment 2. If we assume that learning was still occurring in the ¢rst ten days and delete these from the analysis, then design no longer shows a signi¢cant e¡ect (F 1,27ˆ3 .3 and p 4 0.05) but day within a block is still signi¢cant (F 1,27ˆ2 2.2 and p 5 0.001). However, it is clear that, during days 21^30, there was an unexpectedly high rate of attacks on model controls. During days 21^40 there was an overall reduction in the attack rates on model controls, which suggests learning by naive predators. We therefore suspect that the rise in attacks on model controls seen between designs B and A resulted from an in£ux of some naive predators.
Although the absolute number of mimic controls di¡ered between designs A and B, we can standardize for this to some extent by looking at the proportion of the mimic control baits available that day which were attacked. We ¢tted a general linear model with experiment (1 or 2) and design (A or B) as ¢xed factors and day within a block (days 1^20) as a covariate. There was no signi¢cant e¡ect of experiment (F 1,75ˆ0 .01 and p 4 0.5) or day within a block (F 1,75ˆ0 .01 and p 4 0.5), but there was an e¡ect of design (F 1,75ˆ5 .17 and p 5 0.001). Visual inspection of the data showed that the proportion of mimic control baits attacked was much higher when they were rare (and the mimic was common): on average 90% were attacked when ¢ve baits were placed out each day and only 40% when 20 were available. Increasing the numbers of mimic controls (from condition B to A) is analogous to adding a moderately defended mimic to an identical but rare mimic. When this happens there is clearly a MÏllerian e¡ect in that the survival rate of both co-mimics increases. One surprising aspect of the results is the fact that, in experiment 1, the common mimic control (days 21^40) was attacked at a generally lower rate than the common mimic (days 1^20). There may have been some change in the population of visiting birds during the length of the experiment which explains this anomaly.
(e) Attacks on edible controls
The number of edible controls attacked each day was independent of experiment (F 1,75ˆ0 .91 and p 4 0.3) and design (F 1,75ˆ0 .91 and p 4 0.3) but was a¡ected by day within a block (F 1,75ˆ2 3.6 and p 5 0.001). Visual inspection of the data showed that this e¡ect is an increase in the attack rate on these items over time.
DISCUSSION
We have presented the ¢rst experiments designed to test the key predictions of conventional and unconventional theories of MÏllerian mimicry. They show that moderately defended arti¢cial prey can act either as MÏllerian mimics or as parasitic quasi-Batesian mimics (diluting the protection of better defended prey). Conventional theories have failed to accommodate these results (MÏller 1879; Turner et al. 1984; Mallet & Joron 1999 ): instead, they predict MÏllerian mimicry in both cases. In contrast, the results show that predators can behave in ways qualitatively predicted by Pavlovian learning theory (Speed 1993a ) and, thus, match the predictions of unconventional, quasi-Batesian theories (reviewed in Speed & Turner 1999b ).
However, the moderately defended mimic is categorically not an edible Batesian mimic. As its non-mimetic control shows, its aversive chemicals clearly confer defence: when mimic control was common and ignoring periods of learning, it had considerable protection compared to the edible control prey (31% were attacked during days 31^40 in experiment 1 and 54.5% were attacked during days 11^20 in experiment 2). During this time all edible controls were attacked and eaten. In addition, when a mimic control was common its survival rate was much higher than when it was rare: this is typical of a defended rather than an edible prey (e.g. Turner et al. 1984; Speed 1993a) . In this situation a mimic control clearly functions as a MÏllerian co-mimic to similarly defended prey. It is also easy to predict that a mimic control could function as a Batesian model to an edible bait. Mallet & Joron (1999) (and Joron & Mallet 1998 ) argued that quasi-Batesian mimicry must be very rare, if it exists at all, because intermediate levels of defence occur very rarely and most prey will be completely accepted or rejected by predators. Joron & Mallet (1998) cited only one paper as supporting evidence (Turner et al. 1984 ; data originally from Morell & Turner (1970) ). However, Morell & Turner (1970) soaked their unpalatable prey in a 75% quinine solution in order to produce`extremely distasteful' prey. No attempt was made to generate intermediate levels of defence (see Lea & Turner (1971) who did). Indeed, it is quite easy to obtain stable intermediate attack rates as our results show (see also Brower (1958, p. 37) , with data pooled across birds E1^4) (Platt et al. 1971; Gittleman et al. 1980; Grieg-Smith 1987; Speed 1990 ). In an extensive recent study, Sargent (1995) found a full spectrum of acceptabilities in lepidoptera, in which only 11% fell into the range of moderate^high unpalatability, with 33% being slightly acceptable^unacceptable. Joron & Mallet's (1998) hypothesis of complete acceptance or complete rejection does not have strong empirical support and, hence, refutations of quasi-Batesian mimicry on these grounds appear to be unfounded.
The results of our experiments question the behavioural assumptions made in recent critiques of unconventional theories of MÏllerian mimicry. The traditional MÏllerian framework considers defended prey in terms of their toxin content (Turner et al. 1984; Mallet & Joron 1999 ), but not their nutritional components. It assumes that, after learning about any defended prey, avoidance will be complete and that the addition of less welldefended mimics to a well-defended species can only therefore add protection. However, it seems more likely that the birds used knowledge from Pavlovian learning (Speed 1993a; MacDougall & Dawkins 1998) in their foraging decisions, trading o¡ the unpleasantness of quinine and mustard against the nutritional bene¢ts which the baits provided. The moderately defended mimics in this experiment therefore diluted protection of their better defended models because of their greater nutritional use (see also Srygley & Kingsolver 1998) .
Experiments with free-living garden birds and pastry prey provide a very useful way of investigating real ecological systems. However, two important limitations should be noted. First, potential variability in the population of garden birds over time may a¡ect the attack rates. It appears to have generated some anomalies in our results (see, for example, the model control data in experiment 2). Second, arti¢cial baits rather than real insects have been used as prey and, hence, the trade-o¡ of nutrition versus aversion experienced by the birds is di¡erent to that usually encountered. Data from carefully controlled laboratory studies and from populations of individually identi¢able predators are essential for the decisive testing of MÏllerian mimicry theory. Despite these reservations, competing theories of MÏllerian mimicry have produced opposing predictions which have been relatively easy to test. Our results fail to support conventional theories of mimicry, but can be explained by unconventional theories which assume that predators learn in a Pavlovian fashion. We suggest that these experiments represent the beginning of a resolution to this old controversy.
